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Entropy-weighted comprehensive evaluation of petroleum flow in China during 

Introduction
Petroleum is the world's leading fuel and the second largest source of energy-related CO 2 emissions, accounting for about a third of global energy consumption and CO 2 emissions from fuel combustion (BP, 2016; IEA, 2016 IEA, , 2018 . According to BP, petroleum still occupies a dominant position in the world's primary energy consumption and is expected to reach 5500 million tons (Mtons) per year by 2035; the company also estimates that petroleum will eventually overtake coal as the world's largest source of CO 2 emissions by 2035 (BP, 2018) .
Therefore, we can confirm that petroleum plays a significant role in CO 2 emissions reduction.
With rapid economic development, China has become the world's largest growth market and the second largest consumer of petroleum, accounting for 60% of the world's Petroleum Consumption (PC) increase over the past decade. PC in China reached 561.8 Mtons in 2015, accounting for 13.1% of the global PC (BP, 2016; NBSC, 1980 NBSC, -2016a . At the same time, Petroleum-Related CO 2 Emissions (PCOEs) increased from 234.2 Mtons in 1980 to 1186.9
Mtons in 2014 (IEA, 2016). China's ongoing economic development will require the continued expansion of petroleum, for which China already has a range of energy and climate policies to encourage a transition to a more efficient, low-carbon system. The Chinese government has signed the 21st UN Conference of the Parties (COP21) in December 2015, promising to reach peak CO 2 emissions around 2030 and reduce the domestic CO 2 emissions per unit of Gross Domestic Product (GDP) by 18% during the 13 th five-year plan (2016) (2017) (2018) (2019) (2020) (StateCouncil, 2016a ).
To meet these CO 2 emissions reduction targets and challenges, several published research studies have focused on China's PC and PCOEs. With respect to PC, Liu et al. (2013) M A N U S C R I P T
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4 analyzed the evolution of China's petroleum supply and demand pattern in time and space. Chen et al. (2017) considered the spatial differences in PC for 30 of China's provinces from 1997-2013 via annual and cumulative consumption Gini indexes, finding that the change in per capita PC is the key factor behind the decline in the inter-provincial Gini index. Wang (2014) investigated the effects of China's urbanization on crude oil and refined oil consumption through a time-series analysis and found that the economic growth caused by urbanization most significantly contributes to an increase in PC, a conclusion that was also reached by He et al. (2017) . applied the index decomposition analysis and production theoretical decomposition analysis joint decomposition approach, to understand the driving factors behind PC changes provides insights about consumption patterns, finding that potential economic development was the largest factor driving PC growth.
Regarding PCOEs, Li et al. (2013) calculated the life-cycle energy consumption and CO 2 emissions of diesel and gasoline production for China in 2010 using iterative methods, finding that the CO 2 emissions for diesel and gasoline production in China were higher than those in some other countries they reviewed. The same results were also reached by Huang and Zhang (2006) . Song et al. (2018) developed a dynamic integrated input-output simulation model to analyze CO 2 emissions from petroleum and other forms of energy consumption that may occur by 2030 in China. Riti et al. (2017) analyzed the decoupling between CO 2 emissions from final PC values and economic growth in China during 1970-2015 and found that the results supported the Environmental Kuznets Curve hypothesis. Xie et al. (2016) investigated the driving factors of CO 2 emission changes in China's petroleum refining and coking industry using the Logarithmic Mean Divisia Index method. They found industrial M A N U S C R I P T
5 activity is the dominant driving force behind the growth of CO 2 emissions. Meanwhile, Zhu et al. (2017) applied the similar method to analysis the diving factors of PCOEs of 17 cities in China's Yangtze River Delta region from 2005 to 2014, the results shown that economic output was the greatest contributor for PCOEs, followed by population size. Roinioti and Koroneos (2017) identified the driving forces of CO 2 emissions related to PC for Greece during the period of 2003-2013, through the complete decomposition technique. Du et al. (2018) identified the drivers of PCOEs change of high-energy intensive industries in China. They found that energy intensity was the major contributor to promote the decline in PCOEs.
Overall, the existing literature on this topic has focused on the influence of the driving forces behind PC or PCOEs and the CO 2 emissions from the production of petroleum products.
Most of the literature separately considers the processes of petroleum production, PC, and PCOEs, focusing on the effects of a specific factor but lacking a comprehensive evaluation of Petroleum Flow (PF) from multiple perspectives. Accordingly, it is critical to establish a model that covers all PF processes, quantify the historical data surrounding PF and PCOEs, and comprehensively evaluate the impact of different factors on PF. These approaches are necessary for predicting future trends of PC and PCOEs and making policies targeted at their reduction.
Material Flow Analysis (MFA) is a systematic assessment of the flow and stocks of materials or substances within a system, as defined by spatial and temporal boundaries (Brunner and Rechberger, 2004) . It connects the sources, pathways, and intermediate and final sinks of materials. Recently, MFA has been commonly used in studies on resource management and environmental implications (OECD, 2008; Wang, W. et al., 2016) . Based on M A N U S C R I P T A C C E P T E D (Chen and Shi, 2012; Chen and Graedel, 2012; Ciacci et al., 2013) , Cu (Spatari et al., 2005; Tong and Lifset, 2007) , Zn (Harper et al., 2006; Meylan and Reck, 2017; Spatari et al., 2003) , Ni (Rostkowski et al., 2007) , and Fe (Elshkaki and Graedel, 2013) at the national and regional levels using MFIs. The International Energy Agency (IEA) has established MFIs to assess resource efficiency and climate change based on energy balance flow analysis at the global level. The World Business Council for Sustainable Development has combined MFIs with eco-efficiency assessments for resources and industrial sustainability (Verfaillie and Bidwell, 2000) . In addition, Eisenmenger et al. (2016) calculated raw material consumption in Austria based on MFIs. Piña and Martínez (2014) applied MFIs to determine the relationship between the demand for resources and the environmental impact of outputs in Bogotá City, Columbia, indicating that inputs and outputs are directly and linearly related in this city. Gsodam et al. (2014) revealed major Ag flows in Austria, as well as imports and exports outside the country, for 2012 using MFA and MFIs. Kovanda (2014) and Raupova et al. (2014) developed MFIs based on an economy-wide MFA for assessing the physical economy in Uzbekistan and M A N U S C R I P T
7 decreasing environmental pressures in the Czech Republic. Silva et al. (2015) evaluated the metabolism of service polygons for a university campus using MFI; they revealed a clear tendency for industrial areas to show higher results than service polygons-an effect of population density.
PF is a continuous and complex process that encompasses petroleum exploitation, refining, consumption, and related waste emissions (mainly CO 2 emissions); thus, there is a need to look at the complete flow chain for petroleum. Moreover, as PF is integrated into various fields of economic and social activities, the assessment of PF has become a comprehensive evaluation process based on the interaction of multiple factors or indicators.
With the aim of filling such gaps, we have established a dynamic MFA framework that includes all processes of the petroleum life cycle. Based upon this framework, we propose the MFIs for PF (MFIs-PF) system with three types of indicators: petroleum inputs, flows, and outputs. We also comprehensively evaluate MFIs-PF of China from 1980 to 2015 using the entropy method, the evaluation results of this study quantify and reflect the development of trends in PF efficiency and to help policymakers in China formulate realistic and scientific petroleum development and CO 2 emissions reduction policies. The methodology proposed herein could also be applied to other energy sectors or countries.
Methodology
This methodology was first proposed on the basis of the MFA method for petroleum at a The PF system in this study was defined by spatial and temporal boundaries: 30 mainland
Chinese provinces (Hong Kong, Macao, Taiwan, and Tibet were excluded due to a lack of data) and the period of 1980-2015, respectively. All the values of PF in this study refer to the average annual mass of petroleum and its related materials.
The PF within the system boundary for this study was divided into three processes:
exploitation, refining, and consumption (see Fig. 1 ). The consumption process was classified into six sub-processes: (1) agriculture, (2) industry, (3) construction, (4) transportation, (5) retail trade, and (6) emissions from petroleum fuels combustion during the six sub-processes of the consumption process, and the latter represents the CO 2 emissions from indirect energy use in petroleum exploitation and refining processes.
Furthermore, differences between the TMI and TMO are the sum of Net Addition to Stocks (NAS) and the total losses of PF in this study. The former includes crude oil stocks and refined oil stocks and the latter includes losses in oil field, petroleum refining and consumption process.
Accounting methods of flow
In MFA, the accounting of PF always observes the law of conservation of matter; for each process, the total input, consisting of flows from previous life processes and imports, should be equal to the total output, comprising flows to the next process and exports. Thus, in this study, to balance the inputs and outputs of PF, the amount of carbon in each material was calculated, the carbon content and related CO 2 emissions of petroleum and indirect energy in PF were calculated according to the Intergovernmental Panel on Climate Change (IPCC) guidelines, and the TMI and TCE of PF can be obtained by:
(1)
where i represents the amount of year; p is the type of petroleum; k is the type of indirect energy input; PI , and EI , are the inputs of petroleum category p and indirect energy
category k of year i, respectively; and CC is the carbon content of petroleum or indirect energy; DCE ୧ and ICE ୧ are the direct and indirect CO 2 emissions of year i, respectively; PC , and EC , are the petroleum category p and energy category k consumption of year i, NC is the net calorific value released per unit mass of petroleum or indirect energy, EF is the mass of CO 2 emissions per unit mass of petroleum or indirect energy completely combustion, and COF is the carbon oxidation factor of petroleum or indirect energy combustion. The abovementioned data classification and preparation is described in Section 2.4.
Twelve types of petroleum and two types of indirect energy were considered in this study.
The petroleum includes crude oil, gasoline, diesel oil, kerosene, fuel oil, naphtha, lubricants, paraffin, bitumen, liquefied petroleum gas, refinery, and other petroleum products. The indirect energy mainly include coal and nature gas and are used as power sources rather than being directly involved in PF. Electricity and heat were not included in this study as they do not comprise physical material flow.
Material flow indicators
Based on the MFA framework, the MFIs-PF system was established to quantify and evaluate the development trend of PF during 1980-2015, as shown in Fig Table 1 . Based on Eqs. (1) - (2), the MFIs-PF calculation results from 1980 to 2015 are listed in Table 2 . 
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Comprehensive evaluation of MFIs
The evaluation of MFIs-PF is a comprehensive judgment under the interaction of multiple indicators. It is not possible to consider only one aspect of the object to be evaluated, but to make a CE from the overall perspective. CE is a process that reflects the integration of multiple indicators of the evaluated object into a quantifiable composite indicator. The results of the CE reflect the overall situation of the object being evaluated, and the evaluation process is usually divided into: (1) Data collation for indicators, (2) establishment of the mathematical model, (3) determination of weights, and (4) the comprehensive evaluation calculation Zou et al., 2006 ). In the above process, the distribution of the weights among the evaluated indicators is crucial to the overall evaluation results. In general, according to the variety of approaches to weight determination, the CE method can usually be classified into subjective and objective evaluations. Subjective evaluation methods define weights based on the preference, experience, and judgment of the evaluators, and the Analytic Hierarchy Process method is the most commonly used (Schmoldt et al., 2013) . Conversely, objective evaluation methods define weights according to objective information, such as numerical decision matrixes, and common methods include the fuzzy CE method (Fan et al., 2016) , data envelopment analysis method (Charnes et al., 2013; Nabavi-Pelesaraei et al., 2014; Sengupta, 2013) , and entropy method (Chen et al., 2014; Delgado and Romero, 2016; Li et al., 2014) .
Among them, the entropy method determines weights according to the degree of information reliability that various indexes reflect to overcome the interference of human factors on evaluation results and to ensure the objectivity of evaluation results (Ma et al., 1999; Qiu, 2002; Zou et al., 2006) . The entropy method was first introduced into information theory
by Shannon (2001) and was used to measure the amount of useful information from the data provided by engineering (Wang and Zhan, 2012) , computer (Mei et al., 2016; Song et al., 2017; Wu et al., 2012) , environment (Yang et al., 2014; Zou et al., 2006) , economic (Guo et al., 2017; Zhao and Lu, 2014) , etc. Therefore, this study used the entropy method to determine the weight of the MFIs-PF of China from 1980 to 2015; additionally, the evaluation of the efficiency of PF was achieved from three aspects: inputs, flows, and outputs.
The entropy model calculation process of this study is as follows (Qiu, 2002) :
(1) Data collation for indicators
We first sort the data of the indicators to be evaluated within a certain period by category and chronological order, and then an initial value matrix (X) of the MFIs-PF is established: 
Here ‫ݒ‬ is the value of indicator i in the j year after data normalization.
(2) Establishment of the mathematical model
Entropy is a measure of the stability of a system, where lower values of entropy represent higher stability of the system. The entropy function is defined as follows:
Here, ݁ is the entropy value of indicator i, and e max = 1. Suppose v ୧୨ = 0, then e ୧ = 0; we define (1 − ݁ ) as the difference coefficient ( ݀ ) of indicator i in the MFIs-PF system.
According to the definition of entropy and Eq. (5), for indicator i, the greater the difference in the value of ‫ݒ‬ , the greater the effect of the indicator i on the object being evaluated; that is, the more information that indicator i provides to the object being evaluated, the lower the value of ݁ and the greater the value of ݀ . (6), the ߱ of the MFIs-PF are calculated, and they are listed in Table 3 . The CE values of the MFIs-PF were calculated by using a linear weighting formula (Eq. 7):
where C ୧ is the CE result of MFIs-PF in the year j. Higher values of C ୧ represent higher PF efficiency, which implies smaller environmental load.
Similarly, the CE value for each category (MFIs-a, b, and c) of the MFIs-PF was calculated.
The results reflect the impact of the different categories of the MFIs-PF.
Results and discussion
In this section, results of petroleum input, flow, and output are elaborated on from the three different aspects of the MFIs-PF (MFIs-a, b, and c). 
Petroleum flows indicators
During 1980-2015, the efficiency of the petroleum refinery transformation remained around 97%, indicating that the petroleum refining efficiency remained at a high level in China.
TRS experienced an increasing trend, increasing by 9.34 times. However, the development trend of PCG was opposite that of TPS and could be divided into two periods: the sharp descent period and the gentle descent period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The average descent rates were 40.1% and 52.9% per five years, respectively. China's economic development The development EPC and EPP are closely related to factors such as the economic structure, production processes, energy utilization efficiency, and technological and management level. Therefore, increasing the efficiency of petroleum use, optimizing the economic structure, and accelerating the development of petroleum industry will become the effective measures for reducing EPP in China. We find that this result validates previous studies He et al., 2017; Zaman and Moemen, 2017) , and also conforms to development features of petroleum industry in China. For instance, shown that the expansion of the tertiary industry or the acceleration of technological upgrading will correspondingly reduce energy consumption. Wang, S. et al. (2016) and Liu, X.P. et al. (2018) . However, it is noteworthy that the development of CEG has entered the gentle descent period and the low-carbon development of the petroleum industry has entered a hard period in recent years.
Accordingly, the China's government proposed to develop clean alternative fuels for petroleum fuels to reduce PCOEs during the 13 th Five-Year Plan period. For example, promote the development and utilization of biomass energy. China is rich in coal and biomass energy Zhang et al., 2017) . However, the development of coal liquefaction and biofuels started later and was smaller in China. In 2015, China's biofuel production was less than 1/10 that of the United States, but its development speed and development potential are huge, the average annual growth rate of biofuel was 14.6% from 2005 to 2015 (BP, 2016). Therefore, coal liquefaction technologies and biomass derived petroleum fuels (biofuels) can play an important role in reducing PCOEs emissions and dependency on petroleum fuels by limiting or reducing consumption and combustion of petroleum fuels in the future (Dimitriou et al., 2018; Li et al., 2017 ).
There was a positive correlation between petroleum losses and production, reaching a 
CE for MFIs
The values of CE-PF showed a slow increase with fluctuations in the following order : 1980 : < 1990 : < 1995 : < 1985 : < 2005 : < 2010 : < 2000 ). The development of CE-PF consisted of three growth periods (1980-1985, 1995-2000, and 2005-2010) , two adjustment periods (1990-1995 and 2010-2015) , and two descent periods (1985-1990 and 2000-2005) .
It is noteworthy that the CE values for MFIs-c continued to decline after 1985, and, consequently, the environmental load was increased.
During the growth periods, CE-PF increased by 29%, 35%, and 10%, respectively. The During the adjustment periods, changes in the value were 0.8% and -1%, respectively.
Coincidentally, the increase in IMI was the primary factor restricting the growth of CE-PF.
During the descent periods, CE-PF decreased by 6% during [1985] [1986] [1987] [1988] [1989] [1990] The research results show that as the slow development of petroleum exploration and exploitation and the low level of petroleum reserves, a serious imbalance has emerged between domestic petroleum production and consumption, thus, the dependence on petroleum imports has increased. In addition, the sources of China's petroleum imports are Scenario 1 (S1) considers only those policies for which implementation measures had been formally adopted as of 2015 and assumes that these policies persist unchanged. In this manner, S1 provides a benchmark against which the impacts of other scenarios can be measured. Under S1, the Compound Average Annual Growth Rate (CAAGR) for the DPI and Under the guidance of these policies, the growth rate of the DPI and PCOEs in China will gradually slow down, and the total PC will reach about 700
Mtons by 2040 in this scenario.
Scenario 3 (S3) is an outcome-oriented scenario-the international goal to limit the rise in the long-term average global temperature to 2 °C. U nder this target, China's fossil energy consumption will be significantly reduced, but, because China accounts for nearly 70% of the existing energy consumption structure, the coal industry will become a key industry for CO 2 emission reduction with a CAAGR of -2.7%, while that of petroleum is -0.2%. Thus, the DPI and PCOEs in S3 have been declining since 2020, and their CAAGRs are -0.2% and -1% from 2016 to 2040, respectively. Detailed values for the three scenarios are listed in Table 3 . Of these scenarios, S2 shows the highest increase in PF efficiency, followed by S3, while S1 shows the lowest increase. Under S2, PF efficiency will reach 0.732 by 2040. In S3, the reduction in PCOEs will increase environmental benefits, but the sharp drop in DPI will constrain petroleum use in economic activity and PF efficiency.
Overall, S2 provides a maximum win-win situation for PF and low-carbon development. Based on the current status of China's economic and social development, it is not the most feasible option to drastically reduce PC or PCOEs at the expense of economic development in the future. According to the IEA, improving industrial energy efficiency and the restructuring of its industry accounted for one-quarter of China's efficiency savings in 2014, which will also be the major drivers and effective measures of future PF efficiency and PCOE reductions. Thus, policymakers and energy managers should give more policy and financial support to improve the efficiency of petroleum use in China.
Conclusions and policy implications
In this study, a complex system of PF was established using the MFA model to comprehensively and quantitatively evaluate the influence of several factors on PF in China over 1980-2015. This paper presents an entropy-weighted CE method that evaluates the development of PF efficiency from petroleum inputs, flows, and outputs from three aspects.
The main results are summarized as follows: Driven by rapid economic growth, the average EPC was 0.56, in contrast, the average EPP was low at about 0.2. Therefore, increased gaps in petroleum supply and demand led to an increase in DIM, which increased from 0.3% in 1980 to 61% in 2015. However, EPP will remain at a relatively low level for a long time due to the characteristics of the "coal-rich but petroleum-less" Chinese energy structure. Thus, stabilizing domestic petroleum production and expanding petroleum import channels can effectively increase PF efficiency in China. China's government plans to create a total SPR size equivalent to 100 days of net petroleum imports in 2020. In addition to the need to expand SPR, the provincial and municipal governments should also establish a petroleum reserve system that meets their own development and petroleum consumer demand, improving petroleum security capabilities in many aspects. The second implication is for petroleum conservation and utilization. On the one hand, policymakers should promote the upgrading of petroleum production equipment and technology, the strengthening of energy management, and the increasing of energy efficiency in the petroleum industry; on the other hand, key industries for PC, e.g. the transportation, industry, and construction sectors, should carry out petroleum conservation work to promote petroleum conservation in the consumption process. The final implication is for CO 2 emissions reduction. With the rapid development of renewable energy in China, the government should expand the development and application of renewable energy in the petroleum field to reduce petroleum use and CO 2 emissions, for instance, to rationally expand the production and use of bioethanol gasoline. Furthermore, China's government also plans to promote carbon capture and storage to improve the petroleum and gas recovery in the petroleum exploration industry during the 13 th five-year period to control PCOEs. Based on our analysis, we believe that improving the efficiency of energy use and utilization will realize low-carbon development in China's petroleum sector. 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
• Petroleum flow and petroleum related CO 2 emissions are quantified based on MFA.
• Petroleum inputs, flows, and outputs were comprehensively evaluated for 1980-2015.
• Domestic petroleum inputs are the most critical indicator affecting petroleum flow.
• Increased environmental load has become a major factor restricting petroleum flow.
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